Thermoelectric generators are solid state heat engines. While a vapor compression heat engine, such as a steam engine, extracts useful energy from the cycle of a fluid's entropy change with temperature, a thermoelectric device utilizes an analogous cycle with a charged fluid (electrons in a solid semiconductor). 1 Thermoelectric conversion efficiency is determined by the thermoelectric figure of merit:
T is the absolute temperature, σ is the electrical conductivity, κ is the thermal conductivity, and α is the thermopower or Seebeck coefficient. Thermal conductivity is typically calculated from the thermal diffusivity D T using the relation:
where ρ is the material density and c p is the specific heat capacity. Unfortunately, existing materials are not efficient enough for the economical integration needed to make an impact on global energy consumption and the problem of climate change. 2 To address these problems, new strategies are needed to enhance thermoelectric efficiency. One such strategy is suggested by the recent work by Liu et al. 3 on the phase transition of Cu 2 Se. Thermopower is the electric potential produced by a temperature difference. Physically, thermopower is the ratio of entropy transported by moving charges to the charge transported. 4 In the a jsnyder@caltech.edu
where k b is Boltzmann's constant, T is temperature, e is the elementary charge, μ is chemical potential, and J qe and J ee are transport integrals representing heat transport per electron and current transported per electron. Following Emin, 6 we refer to the first term as the "transport thermopower," α transport , and the second term as the presence thermopower, α presence . The transport thermopower represents the part of the thermopower that results from the manner in which charge is transported. It reflects contribution from the scattering interaction of the moving heat and charge, and the distortion transport effects on the state occupations and energies. The presence thermopower is the entropy change when a carrier is added to the system, irrespective of the means by which it was transported. Because it is a quasi-equilibrium term it can be expressed in a simple thermodynamic manner:
where S is entropy, e is electron charge, N is number of carriers and U is internal energy. As the number of degrees of freedom coupled to carrier concentration increases, α presence should increase as well. Typically, α presence is dominated by the configurational entropy, derived by considering the different ways the charge carriers can occupy the available states. By coupling the spin degree of freedom to entropy transport, increased thermopower in Na x CoO 2 has been shown. 8, 9 The differing spin degeneracy of electron-occupied and electron-unoccupied cobalt sites provides the mechanism for this coupling of carrier transport to entropy transport. 10 However, this strategy has thus far been limited to small changes in spin degrees of freedom of single ions; it remains an open question whether structures with more spin degrees of freedom can be coupled to charge transport.
Here we consider coupling the carrier transport to degrees of freedom associated with the structural changes of a phase transition. A phase transition is always associated with an entropy change because there is always a concurrent transformation in system symmetries. 11 In continuous (i.e., second order) phase transitions the entropy will change over an extended temperature range. Typically these transformations show critical power law dependence of thermodynamic parameters such as entropy and heat capacity below the phase transition. For example:
where T c is the critical temperature of the phase transition, and r is the critical exponent. Copper (I) selenide is a p-type semiconductor, 12 that above 410 K Cu 2 Se becomes super-ionic, which is characterized by its disordered Cu + ions, and shows good thermoelectric properties. 13 Except at the highest temperatures, charge transport is dominated by holes rather than Cu + ions. As the temperature drops below 410 K, the ion mobility decreases 14 and eventually the Cu ions become ordered. 15 It is known that copper (I) selenide can be copper deficient (Cu 2-δ Se) with copper vacancies, and this has a large effect on transport properties and the phase structure. 16 Horvatic and Vucic showed that the ion conductivity of Cu 1.99 Se increases from 1 S/m at 374 K to almost 100 S/m at 410 K, 14 demonstrating it to have a super-ionic phase transition. Below 374 K and above 410 K, he found that the ion conductivity followed an Arrhenius law with E A = 0.29 eV and E A = 0.07 eV, respectively. Each of these temperatures had been previously identified as corresponding to a phase transition in Cu 2-δ Se (δ < 0.045). 16, 17 In the intermediate temperature range, the ion conductivity changed rapidly. This behavior is indicative of a continuous phase transition in a super-ionic material. 18, 19 An observation of not only structural entropy change at the phase transition but also of structural entropy transport is given by Korzhuev 
where Q * Cu 0 = 1 eV corresponds to α Cu + − α p = 2500 μV/K, implying a very large value for α Cu + at the phase transition.
If the structural entropy change of a continuous phase transition could be coupled to carrier transport, a substantial enhancement in thermopower may be obtainable. The number of degrees of freedom associated with a structural transformation scales as the number of atoms in the system rather than the number of carriers. For a typical thermoelectric material with a carrier concentration of 10 20 cm −3 , there are 100 times as many atoms as there are charge carriers. Thus, the potential thermopower enhancement by this mechanism may be much larger than that from coupling the spin degree of freedom. 8 Here, we report observing a greater than 100% increase in the zT of Cu 2 Se, to a maximum of 0.7 at 406 K, concurrent with a continuous phase transition and driven by a 55% increase in thermopower. Temperature-resolved powder X-ray diffraction (PXRD) analysis reveals a concurrent continuous change in the material's structure ( Fig. 1 and Fig. S1 of the supplementary material 21 ). Cu 1.97 Ag .03 Se shows a 150% increase in zT to a maximum of 1.0 at 400 K. For the purpose of discussion, when we refer to Cu 2 Se or copper selenide we mean it to be applicable to Cu 2-δ Se with any observed δ that shows the same low temperature structure and is a distinct phase from Cu 1.8 Se. The related material, Cu 1.97 Ag .03 Se was extensively studied as a high temperature thermoelectric by NASA-JPL (National Aeronautics and Space Administration-Jet Propulsion Laboratory) in the 1970s, but had issues in device implementation due to the electromigration of Cu + ions. 22 Below the phase transition, the ion conductivity is two to three orders of magnitudes lower, 23 so that problem would be strongly mitigated in the temperature range addressed in this manuscript.
The thermopower of Cu 2 Se shows a dramatic increase above 360 K with a peak at 403 K ( Fig. 2(a) ). The onset of linear behavior at 410 K indicates the phase transition is complete above this temperature. The thermopower below this temperature is remarkably stable, indicating it is a steady state property of the material. The sample was held at an average temperature of 390 K and a temperature difference of 16 K for 13 h. The measured thermopower, 152 μV/K, is varied by less than 1% during this time period.
PXRD scans were performed both above and below the phase transition temperature. The high temperature phase is similar to the tetrahedral-coordinated antifluorite structure (space group Fm3m) but with copper additionally occupying interstitials on the octahedral and trigonal planar sites. 24 This model describes the diffraction data well, however, some disagreement between intensities still exists. Incorporation of additional interstitials resulted in unstable refinements, and the disagreement is instead believed to be due to the dynamic movement of copper and resulting smearing of the electron density. 24, 25 While the high temperature structure is relatively simple, the low temperature structure is not thoroughly understood. Kashida and Akai 15 proposed a monoclinic unit cell (a = c = 7.14 Å, b = 81.9 Å, β = 120
• ) with ordering of copper vacancies, while Vučić et al. proposed an even larger monoclinic cell (a = c = 12.30 Å, b = 40.74 Å, β = 120 ± 1
• ). 16 Neither of these unit cells were able to describe the position of all reflections at low angles, indicating the structure to be even more complicated. Therefore, no structural refinement below the phase transition is possible from PXRD at present, and the order parameter is not easily obtained from this method.
Nevertheless, temperature resolved PXRD data confirm a continuous transformation of the atomic structure (Fig. 2(b) ), which will be closely related to the order parameter. Fast PXRD scans (2θ range 23
• -46
• ) were performed from room temperature to 420 K while heating at 1 K/min, resulting in diffractograms with 3-4 K spacing. The peak intensities and positions were extracted and observed to change smothly until the phase transition temperature is reached, at which point only the the high temperature antifluorite peaks remain. Upon cooling, the high temperature reflections transform smoothly into peaks belonging to the low temperature phase. No other refelctions are withing the scanned 2θ range. Using the temperature dependence of the position of these reflection, an estimate of the molar volume can be extracted during the phase transition even without knowledge of the structure (Fig. 3(a) ).
A pair distribution function (p.d.f.) was obtained from total scattering data. It describes the distribution of distances between pairs of atoms in the structure (Figs. 3(b) and 3(c) ). Even without modeling the data it is possible to extract qualitative information. By studying the high-temperature structure of Cu 2 Se it is clear that the peak at 4.1 Å, Fig. 3(b) , is a superposition of the shortest Cu-Cu and Se-Se distances in the [110]-direction (cubic nomenclature). Above 300 K the peak becomes increasingly asymmetric, indicative of multiple Cu-Cu distances in the high-temperature phase related to the disorder of Cu interstitials. At low temperature the Cu orders to form a superstructure. The superstructure formation is most clearly seen in the region 8 Å-9.5 Å, Fig. 3 there are two distinct peaks at 8.2 Å and 9.3 Å. However; in the high temperature phase the same region is a continuum of overlapping peaks arising from the disorder of Cu. The changes of the p.d.f. are gradual indicating that the ordering of Cu-interstitials occurs over a wide temperature range. At temperatures less than 360 K and above 410 K, the Hall carrier concentration, n H , is temperature-independent. Between 360 K and 410 K, the Hall carrier concentration dips until it reaches a minimum of 2.7 × 10 20 cm −3 (Fig. S2b of the supplementary material  21 ). This minimum occurs at 393 K, 10 K lower than the maximum and minimum in thermopower and electrical conductivity, respectively. The conductivity data below 360 K follow the linear power law identified by Vucic et al., 26 indicating a second order transition at 360 K. We therefore consider 360-410 K to be the phase change region. Below and above this range the Cu 2 Se sample is clearly in its stable low temperature phase and high temperature phase, respectively.
Below 355 K and above 425 K the heat capacity (Fig. 4(c) ) gives a baseline value of 0.374 J g of the peak is indicative of the continuous nature of the transition. In the transition region there is a lambda-type peak, as is characteristic of continuous phase transitions in ionic conductors. 19 Both thermopower ( Fig. 2(a) ) and electrical conductivity (Fig. 4(a) ) show near-critical type behavior, while both thermal diffusivity (Fig. 4(d) ) and Hall mobility (Fig. 4(b) ) show clear fits to critical power laws (Eq. (5)). As both thermal diffusivity and Hall mobility are scattering-dominated phenomena, their adherence to a power law is strong evidence that the principal scattering mechanism is a result of the continuous phase transition.
By applying Eqs. (1) and (2) to the transport data described above and a measured density of 6.7 g cm −3 , we were able to determine zT (Fig. 1) . zT shows a peak value of 0.7 at 406 K, which is over twice the zT determined at a temperature 20 K lower. This near doubling in zT near the phase transition is driven by a corresponding 55% enhancement in thermopower. Because there is a continuous phase transition occurring while the zT is peaking, a new mechanism for high zT, associating the transport properties with the critical phenomena of the phase transition is necessary to explain the data.
Similarly, we were able to determine zT for Cu 1.97 Ag .03 Se to peak at 1.0 at 400 K, which is two and a half times the zT at a temperature 20 K lower. This peak is uniformly larger and broader than that of Cu 2 Se (Fig. 1) , which is driven by a broadening of the thermopower peak (Fig. 2) and an improvement in the ratio of σ to κ (Fig. 5) Hall measurements have been thus far unable to resolve the carrier concentration of the measurements. As a recent publication confirms, 27 Ag substituted Cu 2 Se shows an n-type Hall coefficient in its low temperature phase despite having a p-type Seebeck. As Hall coefficient is weighted quadratically by the mobility of different carriers, an n-type band associated with the Ag substitution may explain this effect. PXRD data (Fig. 6(a) ) shows there to be CuAgSe type impurities. Thermal diffusivity (Fig. 4(c) ) and heat capacity (Fig. 4(d)) show two extrema at 388 K and 406 K. In the intermediate region the Hall coefficient steadily changes sign (Fig. 6(b) ). This suggests that the interaction of the Ag with the majority phase extends the phase transition region significantly.
The decrease in μ H , σ , and thermal conductivity (κ) ( Figure S2a of the supplementary material 21 ) indicate that scattering of phonons and electrons is substantially increased near the phase transition. However, this scattering is not directly responsible for the zT increase as indicated by the decreasing ratio of μ H and σ to thermal conductivity (κ) and lattice thermal conductivity (κ L ) (Fig. 5) . κ L was calculated assuming a single parabolic band (SPB) and acoustic phonon scattering.
In the degenerate limit of the SPB, the thermopower can be expressed as
in which n h is the Hall carrier concentration, m * is the effective mass. The scattering parameter, denoted here by λ, describes the energy dependence of the electron scattering; for the typical mechanism of acoustic phonon scattering, λ = 0. From room temperature to 388 K, the thermopower can be completely explained by Eq. (7) with a constant m * and λ. From 389 K to 410 K, the measured data exceed the degenerate band prediction, with the temperature range and size of the zT peak explained by the additional thermopower (Figure 1 ). This gradual divergence in the thermopower indicates that the continuous phase transition is enhancing the thermopower.
Unusual transport effects previously have been observed near the critical temperature in Cu 2 Se.. 12 (2)) and zT using only the Dulong-Petit heat capacity (C p = 3k b /atom) which assumes the DSC peak is due to the enthalpy of a first order structural transformation. The Physical Property Measurement System (PPMS) heat capacity data in this work, however, indicates that the measured DSC enthalpy is a steady-state property of the material (Fig. 3(c) ), and therefore here DSC heat capacity is used to calculate κ and zT. This analysis is elaborated on in the supplementary materials, section IV. 21 We suggest that a great portion of the thermopower increase in Cu 2 Se might be explained by the coupling of structural degrees of freedom associated with the phase transition to carrier transport. In the Ginzburg-Landau picture, the portion of the free energy corresponding to the phase change behavior can be expressed as a function of two variables, temperature (T) and the order parameter m. Following Eq. (4), the phase-entropy portion of the electronic thermopower can be written as 30 which are also ion transporting materials, indicate a small thermopower enhancement near a phase transition, though there is no evidence that this is associated with critical phenomena. The temperature of the continuous transition in the CuI-AgI system shows a composition dependence. 31 The effect on thermopower from phase entropy is likely not limited to mixed ion-electron conductors. Any material in which the entropy associated with a phase transition might be coupled to transport is a candidate. For example, the magnetic ordering phase transition associated with giant magnetoresistance is often accompanied by a corresponding significant thermopower change. 32 Applying a magnetic field to these materials induces ordering and results in a corresponding reduction in thermopower.
In order to understand and engineer this phenomenon, substantial future work needs to be done. The ionic properties, both the conductivity 20 and the thermopower, 33 may need to be measured and considered when engineering these materials. Further synchotron and neutron crystallographic work may be able to uncover the structure and order parameter. The best thermoelectric performing materials in this class of compound are yet to be synthesized. Because the enhancement of the thermopower closely follows the observed increase in zT, this work strongly indicates a new mechanism for enhanced thermoelectric performance: the coupling of structural entropy to transport through the thermodynamics of the phase transition. Ag substitution of Cu 2 Se has shown an even broader and larger enhancement in zT, suggesting a specific path forward for developing this new class of materials.
